In the present paper, the characteristic atmospheric saturated pool boiling curve is qualitatively reproduced for water on a temperature-controlled long and thin copper strip using the coupled map lattice (CM L) method known in non-linear spatio-temporal chaos dynamics. The pool height is 0.7 mm, indicating that the boiling is of the thin-lm type. The work modi es the basic theoretical model proposed by Shoji in 1998 in terms of nucleation superheat distribution and mixing. The stirring action of the bubbles is modelled by increasing the uid thermal diffusivity by an enhancement factor. It is assumed that boiling is governed by (a) nucleation from cavities on a heated surface, (b) thermal diffusion, (c) bubble rising motion and associated convection, (d) phase change and (e) Taylor instability. The effectiveness of the enhancement factor approach in the present model is clearly seen in its capability of reproducing the saturated pool boiling curve well and predicting the critical heat ux (CH F ) in the same order of magnitude of the actual value.
Introduction and literature review
Ideally speaking, a computational uid dynamics (CF D ) study of pool boiling would be possible if the N avierStokes equations could be solved together with the continuity and energy equations along with phase change and appropriate boundary conditions. U nfortunately, however, the phenomenology of the heated surface and the boundary condition at the liquidvapour interface vary in time and space in a very complicated manner and are not easy to handle. With the numerical techniques available at present, only a few bubbles at most can be dealt with.
Coupled map lattice (CM L) has been recognized as a powerful tool of analysis to grasp the qualitative and fundamental nature of complex phenomena and has been applied to many physical systems {1, 2}. The CM L method is based on a dynamic system with continuous eld variables but discrete space and time, in which local dynamics propagates in space by diffusion or ow and time is advanced by repeated mapping.
F rom the study of non-linear chaos dynamics it is known that a complex physical system is not always governed by a complex system of equations. Earlier studies of boiling based on non-linear dynamics, though few and recent, suggest that boiling is a kind of spatiotemporal chaotic phenomenon. The relevant papers in this regard are by Sadasivan et al. {3}, Shoji and Tajima {4}, Shoji {5}, Ellepola and K enning {6}and N elson et al. {7, 8}. H owever, applications of CM L are not restricted to the problems in spatio-temporal chaos, but include pattern formations, some solid state problems, biological information processing and engineering problems {1}.
U sing the CM L method, Yanagita {9} simulated the pool boiling phenomenon and succeeded in explaining the mode of transition from nucleate to lm boiling. H e assumed that the fundamental dynamic processes of boiling are thermal convection, bubble rising motion and phase change. Although Yanagita's model is very attractive and pathbreaking, it deviates from the actual boiling process at some points. F irstly, his model permits liquid to evaporate in the bulk, a phenomenon known as homogeneous nucleation, which is different from boiling in the usual sense. Secondly, in Yanagita's model, boiling takes place even when the heater surface temperature is less than the saturation temperature of the liquid. This never happens in the actual boiling systems. F inally, the strict mode of lm boiling is not realized by Yanagita's model. Shoji {5} corrected the de ciencies of the model of Yanagita by including nucleation sites on the heater surface and the Taylor instability. The model was applied to saturated and transient pool boiling of water on a small heated surfa ce at 1 bar. The effects of liquid subcooling and surface roughness were also investigated.
Although Shoji's model is basically sound, it has the following limitations. F irstly, the calculation of nucleation superheat distribution is sketchy and cannot be easily reproduced by other researchers. Secondly, no effect due to stirring action of bubbles is incorporated into his model. F inally, rather than using the actual heat ux he used an apparent heat ux (without a unit) to plot the pool boiling curve and hence no information about the predicted CH F could be obtained.
Objectives
The objectives of the present work are:
(a) to develop a clear-cut methodology of producing a nucleation superheat distribution on the heated surface, (b) to include the effect of stirring action of the bubbles, (c) to reproduce qualitatively the pool boiling curve for water at 1 bar.
PROBLEM FORMULATION

Modelling
Saturated boiling of water at atmospheric pressure on a long (much larger than 27 mm, which is the minimum wavelength for Taylor instability) and thin horizontal strip is considered, but boiling only on a 3.5 mm section is investigated in this work. It is assumed that the boiling scenario is identical in every 3.5 mm section of the plate. The heater material is copper. The temperature distribution in the copper strip is ignored as it has a high thermal conductivity and very small thickness. The twodimensional boiling eld is approximated and modelling is based on the CM L method as followed by Shoji {5}. The height of the pool of water on the strip is 0.7 mm, indicating thin-lm boiling {10}. N o prior assumption regarding the chaotic nature of the boiling phenomena needs to be made.
Computational domain and lattices
The computational domain (which is the vertical plane) is divided into 101619 lattices as shown in F ig. 1. Each lattice in the pool can contain either liquid or vapour.
There are 101 grid points in the horizontal direction and 19 in the vertical direction. The dots in F ig. 1 represent grid points. The broken lines in the same gure indicate the faces of the lattices. Each lattice contains one grid point at its centre. A typical lattice is shown by the shaded region in F ig. 1. G rid points at the boundaries or at the interface between the heater and the liquid are surrounded by half-lattices while those at the corners are surrounded by quarter-lattices, as shown in F ig. 1. A grid point is designated by …i, j † with i increasing in the x direction and j in the y direction. A lattice that encloses a grid point …i, j † is also referred to as …i, j †.
Field variable
F or simplicity, temperature is employed as the only one eld variable. In addition, a ag function, F i, j , is used for the convenience of calculations to show the phase of each lattice. F i, jˆ0 and 1 represent the lattice …i; j † in liquid and vapour phases respectively.
Formulation of dynamic processes
In the CM L method, dynamic processes are usually formulated in mappings. In the present model, it is assumed that boiling is governed by the following physics and dynamics.
N ucleation on the heated surface
According to Wang and D hir {11}, nucleation cavities are distributed at random on the heated surface. M any cavities are distributed on each surface lattice but if it is assumed that every cavity has a conical shape, a larger cavity yields lower nucleation superheat. Therefore, only the cavity of maximum size {in this case, D c as calculated from equation (2)} is employed, since the active cavity of each surface lattice which determines the local nucleation superheat, DT act {see equation (1)}, is required for bubble nucleation. The term bR …i † is added to D m to create a randomness among the size of these large cavities. The nucleation superheat is given by
where D c is the diameter of the largest nucleation cavity on a surface lattice. To calculate D c , the following formula is used:
where D c …i, 1 † represents the diameter of the largest nucleating cavity on the lattice …i, 1 †, D m is the minimum diameter of the nucleating cavities on a heater surface lattice, b, which is assigned a value of 0.99, indicates the maximum deviation from D m and has the same unit as D c and D m , i.e. micrometre, and R …i † is a random number between 0 and 1 assigned at the ith surface lattice, with i varying from 1 to 101. Although the number of grid points in the horizontal direction is taken as 101 in the present study, it may be varied. A total of 1020 random numbers is generated using a N AG library random number generator subroutine. Every tenth random number of the set is employed at each surface lattice starting from the rst. The minimum cavity diameter is arbitrarily taken as 1.77 mm. It is assumed that sites smaller than 1.77 mm do not exist on this particular heater surface. Thus, the maximum diameter of the nucleating cavities on a heater surface lattice becomes 2.76 mm as calculated from equation (2) when the random number takes on a value of 1.
Thus, using equations (1) and (2), the nucleation superheat distribution on the horizontal surface is calculated. F igure 2 shows the distribution of nucleation superheat for the present case. It can be seen that with an increase of wall superheat more and more nucleation sites are activated. The bubble nucleation is formulated as follows:
…3 † Thus one nucleation event suddenly lls a complete column of lattices with vapour. Although this is unlikely to occur in an actual case, in the present model this happens only once (i.e. only when the pool is completely liquid) in the iterative cycle, leading to the steady state for each wall temperature. This is required for creating the transitional boiling regime at a later stage. It may be noted that there is a fundamental assumption that the nucleate-to-lm boiling transition is determined by events in the vapour-liquid space and not by surface chemistry.
Thus to sum up the procedure of obtaining the nucleation superheat distribution, the following points should be kept in mind. The most important point in the calculation of nucleation superheat distribution is the minimum cavity diameter, D m , on a surface lattice. It may be noted that the minimum cavity diameter is assumed to be the same for all surface lattices in the present problem. If, for a given surface, D m is provided, then the nucleation superheat distribution can be calculated by the combined application of equation (2) and equation (1) .
The following needs to be said about the physical (and mathematical) basis of equation (2). Since b is the maximum deviation from the minimum cavity diameter, the product of b and the random number R…i †, which takes on a value between 0 and 1, essentially implies that a fraction of that maximum deviation is taken. The product {i.e. bR …i †}is then added to the minimum value, D m , to get D c from equation (2) . It can be easily seen that D c can vary from 1.77 to 2.76 mm. The deviation b does not have to have a xed value. The choice of a value for b should be dictated by the information the analyst has about the minimum cavity size on a given surface lattice and the maximum cavity size on the heater surface. Thus, b may vary from one surface lattice to the other.
T hermal diffusion
Governing equation. Since thermal conduction is occurring in the uid, the following governing equation is applicable as a two-dimensional boiling qT qtˆa
The medium is assumed to be isotropic and homogeneous. The uid may exist in the state of either liquid, liquid and vapour, or only vapour, but each uid lattice can contain either liquid or vapour at a given time.
Boundary conditions. A periodic boundary condition {12} is imposed on both sides of the boiling eld, iˆ1 and m, because it is assumed that the heater surface is in nite in the x direction and the boiling scenario is identical in every 3.5 mm section. Thus the theory of Taylor instability can be applied in the present model. The temperature on the top of the eld … jˆn † is xed at a constant prescribed liquid temperature (saturation temperature in this case). The bottom is at the prescribed heater temperature …T w †.
Initial condition. At tˆ0,
for all i, j …6 † Discretization scheme. An explicit nite difference scheme is used to discretize the governing equation.
Finite difference equations.
In the present study, mˆ101 and nˆ19. It may be noted that, in the following equations,
At any interior grid point …i, j †, the following equation is valid:
At the left boundary …iˆ1, jˆ2 to n ¡ 1 †, using the periodic boundary condition, T p 0, jˆT p m, j in equation (7), gives
At the right boundary …iˆm, jˆ2 to n ¡ 1 †, using the periodic boundary condition, T p m ‡1, jˆT p 1, j in equation S tability. F or the stability of numerical calculations, the following condition should be satis ed:
Grid spacings and stability. In the present case, Dxˆ0:035 mm and Dyˆ0:038 mm; Dtˆ10 ¡5 s is used to ensure numerical stability.
A ccuracy. The accuracy of the thermal diffusion solution is checked by comparing the temperature distribution in the liquid with the analytical solution for the one-dimensional transient conduction in the semi-in nite medium (error function solution) at early times, i.e. at tˆ0:001, 0.01 and 0.1 s, as well as with the exact solution for the one-dimensional steady conduction in a medium of nite thickness at a later time (near steady state), i.e. at tˆ1 s. In both cases, the numerical solutions match very well with the exact solutions.
Bubble rising motion and thermal convection
The bubble motion due to buoyancy and its effect on temperature may be expressed simply by the following mapping {5}:
where rˆ1 for a liquid and rˆ0 for a vapour. N ote that r is dimensionless in this case. The parameter s i, j represents the velocity of the bubble rising motion and the strength of thermal convection. Equation (13) has been derived from the equations of motion and energy by assuming that the liquid motion is mainly driven by the buoyancy force, and the horizontal component of the velocity and viscous force may be negligibly small.
Phase change and effects of bubble motion
It is known that latent heat is consumed when liquid evaporates and is released when vapour condenses. This phase change process is formulated as follows {5}:
The suf x n…i, j † represents the nearest neighbouring four lattices and T c…i, j † is the phase change temperature, which is determined according to the phase change criteria given below. In equations (14) and (15), Z is a parameter related to the enthalpy of vaporization and has a unit of 8C. The aforesaid equations also represent the mixing effect of bulk liquid due to bubble motion (see the discussion in Shoji {5}), resulting in a onedimensional temperature distribution as Z ultimately evens out.
Phase change criteria. The value of T c…i, j † for the liquid lattice adjacent to the heater is nucleation superheat, as shown in F ig. 2. The value for liquid lattices in the bulk is assumed to be the homogeneous nucleation temperature of the liquid (which is 300 8C for water), but for the liquid lattice neighbouring the vapour lattice, the saturation temperature of the liquid is 100 8C for water.
T aylor instability
In lm boiling, vapour bubbles depart from the vapour lm on a heated surface at a regular horizontal spacing due to Taylor instability, i.e. the unstable con guration of liquid over vapour. The heavy phase falls down at one node of a wave and the light uid rises into the other node. In the present model, this effect is included in the dynamic process mentioned before (section 2.4.3) by de ning s i, j in equation (13) as follows {5}:
where l * is the magnitude of l corresponding to its mm dimension as calculated by
for one-dimensional waves {13} and a is an appropriate constant; i in the cos function of equations (16) and (17) is the grid point number in the x direction. The idea behind the use of equation (17) is to inhibit the bubble rising motion in order to create a situation conducive to transitional boiling.
METHOD OF SOLUTION
Time advancement
Time is advanced by repeating a set of mapping the dynamic processes (sections 2.4.2 to 2.4.5) in such a manner that
where the superscripts p and p ‡ 1 indicate the present and the future time values of the temperature.
Parameter values
The present model has four parameters. In the CM L method, the parameter values are determined so as to reproduce the phenomena satisfactorily. In the present computations, the parameter values are dˆ0:015, l *ˆ2 7, Zˆ1… j > 2 † and
aˆ0:85
The Z value for jˆ2 grid points is employed as shown in F ig. 3 to include the microlayer and macrolayer evaporation. The negative sign before 2 indicates a decrease in temperature. It should be noted that different parameter values might be needed for different boiling systems and conditions.
Overall solution algorithm
1. Specify T wˆ1 01¯C and T p . 2. Calculate T 0 by solving the thermal diffusion equation {equation (4)}. 3. Apply the nucleation criterion {equation (3)} only if the entire pool is in the liquid state, i.e. F i, jˆ0 . 4. D etermine the phase state of each uid lattice by using phase change criteria. 5. U se equation (13) to get T 00 . 6. Check the phase state of each uid lattice again. 7. Apply equations (14) and (15) to obtain T p ‡1 . 8. Check the phase state of each uid lattice once more. 9. Is steady state reached? If yes, go to step 10. If not, calculate the overall vapour fraction, f (by volume), and equivalent density, speci c heat and thermal conductivity and diffusivity of the liquid/vapour mixture using the following equations, enhance the molecular thermal conductivity and diffusivity of the uid by a suitable factor as described below to include the effect of mixing effect of the bubbles and go to step 2:
The overall vapour fraction, f, is de ned as the ratio of the volume of vapour and the volume of liquid/ vapour mixture in the pool:
If f 4 0:1, then k eq and hence a eq is multiplied by a factor of 10.
If f > 0:1, then the enhancement factor is 15:
The enhancement factor basically takes into account the turbulent mixing in the uid resulting from the bubble stirring action which enhances the thermal diffusivity of the uid by an order of magnitude. 10. Calculate the steady state wall heat ux as follows:
…24 †
where …qT =qy † i, 1 is calculated by a ve-point forward difference scheme {12} and mˆtotal number of grid points in the x direction …ˆ101 in the present case). 11. Print the wall superheat, heat ux. 12. T wˆT w ‡ 1; re-specify T p . 13. Is T w > 151¯C ? If yes, go to step 14. If no, go to step 2.
STOP.
A concise owchart of the solution algorithm is shown in F ig. 4.
RESULTS AND DISCUS SION
Saturated pool boiling curve for water
F igure 5 shows the saturated pool boiling curve for water at 1 bar with the enhancement factor (at tˆ1 s, which is approximately the time to reach the steady condition). F or the prescribed wall temperature, mapping is repeated 100 000 times (since Dtˆ10 ¡5 s) until the stationary (steady) state is attained. The steady state here means that the temperature at each grid point shows virtually no time variation. The input data are shown in Table 1 . The sources of the property data showing the sharp rise in gradient from the natural convection to nucleate boiling regime) in comparison with that of F ig. 6 (where virtually no such change of gradient is observed except near the critical heat ux point) is clearly visible. Thus, the enhancement factor approach cannot only predict the CH F reasonably close to the actual value but can also produce a realistic pool boiling curve. The capability of the present model in predicting CH F in the same order of magnitude of the actual value and producing a realistic pool boiling curve is a signi cant improvement over the earlier works. H owever, the transitional boiling regime simulated by the present CM L simulation is much narrower than that for an actual case.
Vapour fraction versus wall superheat plots
F igure 7 shows the overall and near-wall vapour fractions versus wall superheat plots for the case where the enhancement factor approach is used. The near-wall vapour fraction is calculated on the basis of the vapour content in one layer of lattices adjacent to the heating surface. Both plots are identical. The formation of vapour on nucleation and its gradual increase till the stable lm boiling regime emerges are clearly visualized from the plots. In the stable lm boiling regime the entire pool is in the vapour phase.
CONCLUSIO NS
The present CM L study reveals that even with a simple theoretical model for pool boiling, the basic features of the boiling phenomena can be reproduced in a qualitative sense. The achievement of this work lies mainly in developing a clear-cut methodology for calculating nucleation superheat distribution and simulation of the mixing effect due to the stirring action of the bubbles by enhancing thermal diffusivity of the uid during boiling. The results clearly show that the CH F predicted by this enhancement factor approach is in the same order of magnitude of the actual value although the basic CM L model is qualitative. H owever, there is scope for improving the calculation method for obtaining nucleation superheat distribution. The present model may be extended to reproduce the saturated pool boiling curve for uids other than water. F uture work may also be done to model pool boiling on a threedimensional space, which is more realistic, and to investigate the effect of much larger pool heights. F urthermore, in the present paper, the well-known hydrodynamic instability mechanism as proposed by Zuben {17}has been used to predict the critical heat ux. H owever, in future the rival claim of the CH F being associated with triple contact line behaviour (i.e. vapour spreading on the solid surface at a large heat ux due to the recoil force) should also be assessed by CM L researchers in the simulation of pool boiling.
